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Organic p-conjugated systems are promising materials for use in organic thin-film transistors (OTFTs). 1 Linear acenes, such as pentacene and its derivatives, are prominent examples. [2] [3] [4] Hole mobilities greater than 1 cm 2 V À1 s À1 have been reported for OTFTs using 6,13-bis(triisopropylsilylethynyl)pentacene as a solution processed semiconductor. 4, 5 The high charge carrier mobility of this derivative has been attributed to effective 2D p-stacking in the crystalline state. 3, 6, 7 Recent synthetic efforts have also yielded pentacene derivatives with pendent ethynylarene groups designed to increase the active p-surface of the system. 8 The ethynyl spacer separates the pentacene core from the arene substituent and allows for a coplanar geometry of the two acenes. In contrast, removing the ethynyl spacer between the two chromophores would give a system in which the p-system of the pentacene and the appended aryl group are orthogonally arranged due to steric interactions (Scheme 1). It was predicted that the orthogonal orientation of the two chromophores might improve the intermolecular electronic coupling in different spacial dimensions, giving useful semiconductors for incorporation into OTFTs. 9 Guided by this hypothesis, we report the synthesis, characterization, crystal structure analysis, and OTFT devices of a new series of pentacene derivatives 1a-c. Pentacene derivatives 1a-c were obtained by the reaction of lithiated anthracenes 2a,b 10 with either ketone 3a or 3b,
11
followed by reductive elimination with SnCl 2 Á2H 2 O. Yields obtained over the two steps were respectable (see ESI † for details). X-ray crystallographic analysis of 1a-c shows that the anthracene and pentacene groups are nearly orthogonal (torsional angles of 84-901). The packing of 1a shows 2D p-stacking of the pentacenes (Fig. 1a) . In addition, the anthracene substituents show 1D p-stacking perpendicular to the 2D pentacene bricklayer (see ESI †). Compound 1b, on the other hand, shows only 1D slipped stacks with interplanar distances of ca. 3.3 and 4.1 Å (Fig. 1b) (see ESI †) . Finally, compound 1c shows a 1D pattern with very little p-overlap, and neighbouring 1D stacks are oriented 1801 relative to each other (Fig. 1c) . This alternate arrangement is likely due to the electronic influence of the fluorine substituent, through increased dipolar interactions and intermolecular edge-to-face interactions (ESI †).
The absorption spectra of 1a-c are nearly identical in the low energy region, showing three peaks at ca. 536, 574, and 622 nm, characteristic of the pentacene chromophore (see ESI †) and confirming the absence of electronic communication between the anthracene and pentacene groups. 12 Likewise, the optical band gap (E opt gap ) of 1a-c, as estimated from the cutoff of the Cyclic voltammetry (CV) has been used to estimate the energy of the highest occupied and the lowest unoccupied molecular orbitals (HOMO and LUMO, respectively, see ESI †) and the electrical band gap (E el gap ), as summarized in Table 1 . There is only a minor influence of structural changes on the redox behavior of 1a-c, suggesting that both the HOMO and the LUMO are fully located on the pentacene chromophore, with little contribution from the anthracene substituent. This premise has also been confirmed by calculations (vide infra).
Thin films of 1a-c were incorporated by thermal evaporation into OTFT devices with a bottom-gate-top-contact architecture using doped Si wafers with a 100 nm layer of thermally grown SiO 2 as substrates. A thin layer (20 nm) of 1a-c was evaporated directly onto the SiO 2 gate dielectric. The Au source and drain electrodes were then defined by thermal evaporation (30 nm) through a stencil mask. Hole mobilities measured for 1a-c in the saturation regime were on the order of m h = 10 À7 cm 2 V À1 s
À1
for devices measured in a glove-box (Table 2 , threshold voltages (V th ), current on/off ratios (I on /I off ), and the drain to gate current ratios (I D /I G ) are summarized in the ESI †). Finally, no n-type behavior was observed for devices on Si/SiO 2 substrates, as expected due to the trapping of electrons by the reactive SiO 2 dielectric. 13 In order to achieve lower operating voltages for the OTFT devices and to provide a low surface energy interface, which often leads to improved molecular order, 14 the setup of the OTFT was changed (Fig. 2a) . 15, 16 Aluminum gate electrodes were evaporated onto a Si/SiO 2 wafer and patterned by a shadow mask. Subsequent oxidation in O 2 plasma yielded an AlO x layer, approximately 3.6 nm thick. 17 The substrate was then immersed in a 0.2-0.3 mM solution of tetradecylphosphonic acid (C 14 PA) in iso-propanol, which formed a self-assembled monolayer (SAM), yielding an AlO x -C 14 PA hybrid dielectric with a gate capacitance of 0.72 mF cm À2 (see ESI †). Semiconductors 1a-c were then evaporated onto the AlO x -C 14 PA hybrid dielectric, followed by the Au source and drain electrodes. Semiconductor 1a on the AlO x -C 14 PA hybrid dielectric did not yield working OTFTs, which has been attributed to an incongruous semiconductor layer on the low surface energy dielectric (see ESI †). On the other hand, 1b and 1c a Determined using CV. b Determined using absorption spectroscopy (see ESI).
c Determined using the intercept of the tangent applied to the longest wavelength absorption peak and the baseline. yielded homogeneous thin-films with connected grains on the SAM surface. These devices exhibited hole mobilities up to m h = 0.05 and 0.2 cm 2 V À1 s À1 , respectively, for 1b and 1c, with a maximum applied driving voltage of 2.5 V (Table 2) . Thus, mobilities are improved by more than five orders of magnitude compared to devices on the Si/SiO 2 substrate. At the same time, V th was reduced from approximately 10 V to 2 V (see ESI † for details). Additionally, electron transport was obtained for 1c, with mobility m el = 0.03 cm 2 V À1 s À1 .
To characterize the nature of the semiconducting properties of 1a-c, semiempirical AM1
18 calculations were performed on nanocrystals, derived from experimental single-crystal X-ray analyses using EMPIRE (each consisting of >11 000 atoms). 19 Electron-and hole-transport pathways can be visualized from the local electron affinity (EA L ) and ionization potential (IE L ), 20 respectively, via a Monte Carlo path search algorithm. The lowest barrier (and therefore most likely) electron pathways involve mainly the p-systems of the pentacene stacks (Fig. 3a-c) via face-to-face interactions that lead to anisotropic transport behavior. Additional low barrier pathways involving a combination of pentacene and anthracene transitions are found only for 1c (Fig. 3d) . On the other hand, hole-transfer pathways favor sites along the edges of the molecules (Fig. 3e-g ). The trends found for the energy barriers along these pathways correspond qualitatively to those found for the observed hole mobilities (36.2, 55.9 and 47.8 kcal mol À1 for 1a-c respectively), indicating that hole mobilities are governed by the activated charge transport from molecule to molecule. Electron transfer barriers follow the same trend (55.4, 88.9 and 86.9 kcal mol À1 ) and are significantly higher, as reflected in the preferred p-type behavior of all devices.
An obvious question is whether fluorination in 1c has an effect beyond changing the crystal structure. 21 Calculations of the excitation energies of individual molecules in vacuo show that fluorination significantly decreases the first doublet excitation energy of the radical anion (1a = 1.648 eV; 1b = 1.651 eV; 1c = 1.536 eV). UNO-CIS molecular electrostatic potential maps (calculated using VAMP 11.0 22 ) of the ground and excited states show that this process involves a shift of negative charge density to the anthracene group ( Fig. 3h and i) . 23 In other words, fluorination facilitates the participation of the anthracene unit in electron transport. In summary, we have reported a series of anthracenylpentacene derivatives 1a-c, which show orthogonal arrangement of the two p-systems. Using a low surface energy AlO x -C 14 PA hybrid gate dielectric increases hole mobilities by five orders of magnitude for 1b and 1c relative to Si/SiO 2 devices. Additionally, electron transport is observed for 1c, which is attributed to the fluorination of the anthracene substituent in 1c.
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